We report on the development of a pneumatically coupled graphene membrane system, comprising of two circular cavities connected by a narrow trench. Both cavities and the trench are covered by a thin few-layer graphene membrane to form a sealed dumbbell shaped chamber. Local electrodes at the bottom of each cavity allow for actuation of each membrane separately, enabling electrical control and manipulation of the gas flow inside the channel. Using laser interferometry, we measure the displacement of each drum at atmospheric pressure, as a function of the frequency of the electrostatic driving force and provide a proof-of-principle of using graphene membranes to pump attolitre quantities of gases at the nanoscale.
Pumps have been of importance for humanity since early civilization. The Egyptians used a contraption called "shadoof" to take out water from the Nile that was used for irrigation. As technology progressed, better pumps usually meant higher pressure, larger flow, and hence, higher power. Micro-and nanofluidics in the past thirty years have substantially changed the way these devices are benchmarked. Microscale pumps are an essential ingredient in a microfluidic system, and the rapid advancements of biosciences require continually more devices capable of accurate micromixing and microdosing. This, in turn, imposes better controllability, better accuracy, lower operational power, and much smaller flow rates [1] [2] [3] . With respect to the first electrostatically actuated membrane pumps [4, 5] , that were presented more than 25 years ago, a tremendous reduction in size has been achieved. Pumps are also of interest for driving pneumatic actuators in micro-and nanoelectromechanical motors. The properties of graphene, like its atomic scale thickness and extreme flexibility, are very promising for further miniaturization of such nanofluidic devices.
Since the first realization of mechanical graphene devices [6] , suspended 2D materials have attracted increasing attention in the MEMS/NEMS communities. Many device concepts have been proposed, including pressure sensors [7, 8] , gas sensors [9, 10] , mass sensors [11, 12] , and graphene microphones [13, 14] . The high tension and low mass of graphene membranes have also inspired their implementation as high-speed actuators in microloudspeakers [15] . Another attractive aspect of graphene membranes is their hermeticity [16] and the ability to controllably introduce pores that are selectively permeable to gases [9] . Although gas damping forces limit graphene's Q-factor at high frequencies, they provide a useful but little explored route towards graphene pumps and nanofluidics. For efficient pumps and pneumatics it is essential that most of the available power is used to move and pressurize the fluid, while minimizing the power required to accelerate and flex the pump mem- 
FIG. 1.
Working principle of the pump. a, A 3D schematic of the device: the graphene flake is covering two circular cavities that are connected through a narrow trench. b, Schematic cross-section of the pumps and actuation mechanism for the case that pump 1 is actuated.
brane while minimizing leakage of the fluid outside of the system. In these respects, the low mass and high flexibility, combined with the impermeability of graphene membranes [16] provide clear advantages.
In this work we realise a system of two nanochambers (with a total volume of 7 fl) coupled by a narrow trench and sealed using a few-layer graphene flake. By designing a chip with individually accessible electrodes we construct a graphene micropump, capable of manipulating the gas flow between the two chambers using small driving voltages (V dc ≤ 1 V). Increasing the gas pressure in one of the nanochambers results in pneumatic actuation of the graphene drum that covers the other nanocham-ber via the connecting gas channel. To measure the displacement of the drums, we use laser interferometry and demonstrate successful pumping of gas between the two pneumatically coupled graphene nanodrums. 
FIG. 2.
Images of the fabricated device. a, Scanning electron microscopy (SEM) image of the device prior to graphene transfer. b, Optical micrograph of the device after graphene transfer.
Device description
The device concept is presented in Fig. 1a . Two circular AuPd electrodes (thickness: 60 nm) at the cavity bottom (one for addressing each of the membranes) are separated by a thin layer (130 nm) of spin-on-glass (SOG) silicon oxide from the metallic (AuPd) top electrode (thickness: 85 nm). The few-layer (FL) graphene flake (black), with a thickness of 4 nm, is in direct electrical contact with this top electrode. The entire device is fabricated on top of a quartz substrate to minimize capacitive cross-talk. The device fabrication is described in detail in [17] . A crosssection along the direction of the trench of the device is shown in Fig. 1b , which illustrates the working principle. The actuation voltage V ACT,1 is applied between AuPd electrode 1 and ground, while keeping AuPd electrode 2 and the AuPd top electrode grounded. As a result, pump 1 experiences an electrostatic force F ACT , causing it to deflect downward. This compresses the gas underneath the membrane and the induced pressure difference causes a gas flow through the channel between the two nanochambers. This results in a pressure increase that causes the other membrane (pump 2) to bulge upward. Figure 2a shows a false-coloured SEM image of the device after fabrication. The AuPd is shown in light (bottom electrodes) and dark (top electrode) yellow. The diameter of each drum is 5 µm and the trench connecting them is 1 µm wide and 3 µm long. Figure 2b shows an optical image of the measured device. The image shows the two bottom electrodes, together with the top metallic island on which the dumbbell shape is patterned. Graphene is transferred last (as described in [17] ) and it is visible in the image as a darker area on top of the metallic island. 2 . The term β = − 0.13 V accounts for residual charge on the graphene flake [18] .
Readout
The readout of the drum motion of the is performed using a laser interferometer, shown schematically in Fig. 3a . A red HeNe laser is focused on one of the graphene membranes, and the sample is mounted in a pressure chamber in a N 2 environment at ambient pressure and room temperature. When the membrane moves, the optical interference between the light reflected from the bottom electrode and the light reflected from the graphene causes the light intensity on the photodiode detector to depend strongly on the drum position. By lateral movement of the laser spot, the motion of either of the pumps can be detected. The photodiode signal is read out via an internal first-order low-pass filter with a cut-off frequency of 50 kHz. For electrostatic actuation, the two bottom electrodes are connected to two channels of an arbitrary waveform generator, where one is grounded and the other one is actuated (Figs. 1b and 3). The actuation voltage (V ACT ) on each of the drums and the photodiode voltage (V PD ) are measured using an oscilloscope. The top electrode (i.e., the graphene flake) is electrically grounded during the measurements. Since there are 2 pumps that can be actuated (pump 1 and pump 2) and either of them can be detected with the red laser there are 4 measurement configurations indicated by V PD,11 ,V PD,21 ,V PD,12 and V PD,22 , where the first number indicates the pump that is actuated and the second number indicates the pump that is read out.
We first characterize the responsivity of the system by applying a triangular voltage signal to one of the drums while measuring its motion with the laser. The measurement is shown in Fig. 3b . The force acting on the drum scales quadratically with V ACT and therefore, for small amplitudes, it is expected that the amplitude of the drum would also depend quadratically on V ACT (assuming F ACT = −kz, see Supporting Information Section II). The fact that the voltage read out from the photodiode matches the scaled square of the input voltage (blue curve in Fig. 3b ) confirms that the assumption of linear transduction (V 2 ACT ∝ V PD ) of the motion is valid.
Gas pump and pneumatic actuation
Pneumatic actuation is one of the most efficient ways to transfer force over large distances in small volumes. At the microscale, the pneumatic coupling also has the advantage of converting the attractive downward electrostatic force on pump 1 to an upward force on the graphene membrane of pump 2 (Fig. 1b) . Thus, proof for gas pumping and pneumatic actuation can be obtained by detecting that the drums move in opposite directions.
The drums are actuated using a square-wave voltage input V AC,p−p = 1 V with a frequency of 1.3 kHz, plotted in Fig. 4a and Fig. 4b (grey curves) . Figure 4a shows a measurement of the displacement of pump 1, when applying V ACT on pump 1 while keeping pump 2 grounded (dark blue curve) or when actuating pump 2 while keeping pump 1 grounded (light blue curve). Both curves show a main frequency component that is coinciding with the frequency of the driving signal, meaning that the detected motion is a consequence of the applied actuation. However, when switching the actuation to pump 2 it is seen that the photodiode voltage (V PD,21 ) is 180 degrees out of phase with respect to V PD,11 . This is indicative of an out-of-phase motion of the two drums. Such effect is possible only if the actuation of pump 1 (in the 21 configuration) is pneumatic, i.e., mediated by gas displacement from one chamber to the other.
The same experiments are repeated in Fig. 4b when moving the laser spot to pump 2. The red curve represents the case when pump 2 is electrically actuated while keeping pump 1 grounded and the pink curve represents the case when pump 1 is electrically actuated and pump 2 is kept grounded. The same conclusion can be drawn: the two curves are 180 degrees out-of-phase, confirming that the drums move in opposite directions.
The differences in signal amplitudes in Fig. 4 are attributed to differences in the effective cavity depths between the pumps that affect the actuation/detection efficiency (this may happen due to morphological imperfections in the graphene flake). To confirm that the coupling is mediated by gas, the experiment is repeated at low pressure. After keeping the sample at 0.1 mbar for 48 hours, the gas is completely evacuated from the cavity [16] . In this case no sign of motion of the second drum is observed in the V PD,12 signal, showing that pneumatic actuation is absent in vacuum (see Supporting Information Section I).
Assuming that the cavities are hermetically sealed by the graphene (valid for very low permeation rates [16] ), the pneumatically coupled graphene pump system can be modelled in the quasi-static regime by a set of two linear differential equations describing the pressure increase ∆P i in each of the chambers. The pressure difference can then be related to the displacement z i of the drums (details of the model and the derivation are given in the Sup- porting Information Section I). In the frequency domain the solutions of these differential equations can be written in terms of the Fourier transforms F of the solutions:
2 ), where F is the actuation pressure and c is a function of the squeeze number and the gap size g 0 = 155 nm. When the actuation signal is applied to pump 2, the response is given by:
where z 1 and z 2 are the displacements of pump 1 and pump 2 respectively, ω is the actuation frequency, A is the area of each drum, k is the spring constant of the drums and a is the squeeze number. The time constant τ is then given by:
where the constant b is related to the gas flow through the channel. Assuming a laminar Poiseuille flow, b is dependent on the geometry of the channel and the effective viscosity of the gas, in this case nitrogen (see Supporting Information Section II).
To investigate the nanoscale gas dynamics experimentally, the frequency response of the system is measured. The actuation voltage is applied on pump 2. The frequency of the square-wave input signal (V ACT (t), see Fig. 4 ) is varied from 510 Hz to 23 kHz. For each actuation frequency, the Fourier transform is taken of both the input and output signal. By taking the ratio of the input and output at each of the driving frequencies a frequency response plot is obtained. We make use of the fact that the input square-wave contains higher harmonics to increase the amount of data acquired by a single time response signal, thereby increasing the frequency resolution.
The resulting Bode plots are shown in Fig. 5 . It can be seen that both the magnitude and phase of the resulting frequency response curves are flat up to a frequency of 10 kHz. At higher frequencies the amplitude of the motion of the second drum drops, which suggests that at these frequencies the pumping efficiency starts to become limited by gas dynamics through the narrow channel. Fits using the model described by Equations (1) and (2) show that the response of the pumps correspond to a first-order RC low-pass filter with a characteristic time constant of τ = 39.3 ± 3.4 µs, resulting in a cut-off frequency of 25.4 ± 2.2 kHz.
The demonstrated graphene-based pump system is not only of extraordinarily small size (total volume of 7 fl), but it is also capable of pumping very small amounts of gas: assuming the spring constant to be in the order of k ≈ 1 N/m, less than 80 al of gas is pumped through the channel each cycle. The thermal noise, due to charge fluctuations on the capacitor plates, sets a lower limit to the pump rate of less than 1 zl/ √ Hz, which is equivalent to less than 30 N 2 molecules/ √ Hz at ambient pressure and room temperature. The maximum electrostatic pressure that can be generated by the graphene pump with the given geometry is 0. Besides the pneumatic actuation and pumping, the system also allows the study of gas dynamics in channels of sub-micron dimensions, where the free path length of molecules is smaller than the channel height, even at atmospheric pressure. By controllably introducing pores in the graphene, the graphene pump can be used for molecular sieving of gases, or even aspiration and dispensing of liquids. The presented system can therefore be used as a platform for studying anomalous viscous effects in narrow constrictions as well as graphene-gas interactions at the nanoscale. It thus provides a route towards scaling down nanofluidic systems by using graphene membranes coupled by nanometre-sized channels.
Supporting Information: Graphene gas pumps
I. Model of the pump system

Equations of motion
In this section the model for the two drum system will be explained, starting with the assumptions that were made in order to arrive at the model.
The drums are modelled as simple harmonic oscillators. A parallel plate capacitor model is taken to model the electrostatic force on the drum, which holds for small deflections of the membrane with respect to gap. The gas inside the circular cavities is modelled as an ideal gas and gas inertia is neglected. The interactions of the gas are considered to be isothermal. Poiseuille flow through the trench between the two drums is considered.
The mechanics of the drums are described using Newton's second law of motion. The forces that act on the drums are the tension force of the drums (assuming equal spring constants k and masses m), the pressure force acting on the drum and the electrostatic forces coming from the charge stored in the membrane-electrode capacitor. No damping is considered apart from damping due to the gas pressure. The electrostatic force is applied to the first drum (pump 1). We name deflection of drum i with respect to the gap z i , such that a positive value of z i corresponds to the drum bulging upward. We consider the outside air to be at ambient pressure P , while the pressure inside chamber i is P i . The pressure difference across the drum is be called ∆P i . The gap size is denoted as g 0 , ε 0 is the vacuum permittivity and A = r 2 π is the area of each of the drums. In terms of these quantities the equations of motion are:
(5) S1 . Schematic of the device. a, Top view of the pump system. b, A side view of the cross section through the dashed blue line in a. A potential ∆V is applied on pump 1 that results in the membrane compressing the gas, causing an increase of pressure in the chamber P1 = P + ∆P2. This causes gas flow through the channel and results in pump 2 bulging upward. Since the channel is smaller than the chamber, it will obstruct the flow of gas, hence the pressure in the other chamber P2 = P + ∆P2 will lag.
With this, the mechanics are fully described. These equations have one driving force, the electrostatic force experienced by pump 1. The pressure force due to the gas is not a driving force and should react to the motion of the membrane. In order to describe the pressure in the drums, the ideal gas law is taken:
;
The quantity n i in these equations stands for the amount of moles of gas in chamber i. These two equations, together with Equations (4) and (5) give a set of equations in which the membranes are coupled to the gas pressure in the drums. The pressures are now coupled to one another using the Poiseuille flow equation. This equation determines the rate of pressure induced flow of a viscous fluid across a channel. In the pump system, this fluid is the nitrogen gas in the cavity. The Poiseuille flow equation describes both n 1 and n 2 through the following differential equation:
In this equation Φ is the volumetric flux of gas through the channel,R is the ideal gas constant, and η is the dynamic viscosity of the gas. The Poiseuille flow equation acts as the coupling between the two cavities. In using this equation to express the change in the amount of gas molecules in the cavities we have implicitly added the condition that the total amount of gas molecules in the pump system is conserved, which holds assuming no gas permeation outside the cavities. In order to incorporate Equation (8) into the model, the time derivatives of the ideal gas laws are taken:
Filling in Equation (8) results in the following set of equations:
.
To neatly express the model of the two drum system, the four differential equations that describe the system are given together. The following set of equations describe the two drum system:
Quasi-static equations
The quasi-static limit of these equations is taken. In this case the second derivatives in Equations (4) and (5) are negligible. Newton's law is now equivalent to a force balance, indicating that at all times the drums are at an equilibrium position. This equilibrium position changes in time due to the changing gas pressure and voltage. As such there is still a response to the driving force. In order to find approximate solutions to the differential equations, Equations (13) and (14) are linearised. The force balance that is found is:
The linearised differential equations for the pressure are:
Now filling the force balance into this differential equation eliminates all displacement terms and yields the following differential equations for the pressure:
For simplicity, we define the following constants:
Here a is the squeeze number and b is related to the gas flow dynamics through the channel. This allows us to put the differential equations into the following simple form:
Frequency spectrum of the system
In order to investigate the behaviour of this differential equation, a Fourier transform of the differential equations is taken:
The frequency spectra found from these equations are given by
with τ = 1+a 2b . This time also defines the cutoff frequency of the gas pump system ω 0 = 2b 1+a . The function Fourier transform of ∆P 2 takes the form of a low pass filter. We are more interested in the Fourier transform of P 1 , whose magnitude and phase of F (∆P 1 ) are given below. 
Finally, we examine the behaviour of the drum displacement. The algebraic equations found for the displacement allow us to directly calculate the Fourier transform of the displacement from the pressures and the square of the electrostatic potential.
F (z 2 ) = 1 2
Once more it can be seen that F (z 2 ) is given by applying a low pass filter on the driving force. The magnitude and phase of F (z 1 ) and find: 
We now use these equations to model the curves from Fig. 5 .
II. Measurement in vacuum
A comparison of "12" measurements in vacuum and in N 2 is shown in Fig. 2 . In ambient pressure, the motion of pump 2 responds to the actuation of pump 1, mediated by the gas in the chamber. The absence of motion of pump 2 in vacuum (orange curve in Fig. 2 ) is another confirmation of pneumatic actuation in the system. 
